since the 1970s. 16, 26, 28 Although SCEPs have steady and reliable potentials, 10 it is difficult to place the cranial and caudal epidural electrode on the spinal cord lesion, and placing the cranial electrode is impossible in upper cervical spine surgery. Obtaining MEPs following transcranial electrical stimulation is useful for monitoring the spinal cord. 1, 4, 5, 18, 24 However, there are problems with anesthetic constraints and high trial-by-trial variability of compound muscle action potential amplitude in muscle MEP monitoring. 1, 11, 12, 20 To monitor spinal cord function-including the upper cervical spinal cord and the ventral spinal cord-with reliable evoked potentials, we developed a nasopharyngeal tube electrode in June 1994, which can be placed in front of the upper and ventral cervical spinal cord and the medulla oblongata. The purpose of this study was to investigate the origins and pathways of descending or ascending SCEPs elicited with this electrode, and the usefulness and limitations of this method.
Methods

Patient Population
This study included 228 patients (108 males and 120 females), ranging in age from 6 to 83 years old. Between June 1994 and April 2004, these patients underwent either spine surgeries or aortic aneurysm surgery, which placed the spinal cord at risk for damage. Surgery was performed in the upper cervical spine in 52 patients, lower cervical spine in 88 patients, and thoracic spine in 88 patients (including 6 patients undergoing aortic aneurysm surgery). Diagnoses and operative methods are shown in Tables 1-3 . The patients were informed of the risks of the surgery and the need for intraoperative spinal cord monitoring and gave informed consent. Investigational review board approval was obtained for this study.
The severity of preoperative myelopathy was estimated using the JOA scale for cervical myelopathy. The JOA scale is composed of a maximum of 17 points from 3 categories: motor function (8 points), sensory function (6 points), and urinary function (3 points).
Recording SCEPs
There were no restrictions concerning anesthetic techniques when recording only SCEPs. The patients were anesthetized with sevoflurane and nitrous oxide or propofol, fentanyl, and nitrous oxide in the usual manner. Intravenous anesthesia was employed for monitoring of SCEPs with D wave transcranial electrical stimulation. Muscle relaxants were administered at every operation. After tracheal intubation, the nasopharyngeal tube electrode was inserted into the nostrils of all patients. This tube electrode is made up of a type of airway adjunct known as a nasopharyngeal airway (Portex Limited) embedded with platinum wire electrodes (Fig. 1) . The tube electrode was designed by our team and manufactured by Unique Medical Co., Tokyo, Japan. The electrodes in the nasal airway made contact with the posterior wall of the pharynx. In children and in patients with shortening of the occipitocervical junction due to rheumatoid arthritis or assimilation, the most caudal electrode in the nasopharyngeal tube electrode placed in the distal pharynx went beyond the atlantoaxial level. Therefore, the location of the electrodes was also confirmed by radiography in upper cervical spine surgeries (Fig. 2) . Over the past 10 years, there has been only 1 case in which the nasopharyngeal electrode could not be introduced into the pharynx from the nostril. There were no postoperative sequelae attributable to the insertion of the nasopharyngeal tube electrode and stimulus. A bipolar, flexible, catheter-type platinum electrode (UKG-100-2PM, Unique Medical Co.) was inserted into the subarachnoid space at a point from T-7 to T-12 via lumbar puncture after induction of anesthesia. The tip of the catheter electrode was placed at the dorsal or dorsolateral aspect of the spinal cord. Placement of the catheter electrode in the subarachnoid space was confirmed using an image intensifier or radiography.
Ventral SCEP was recorded from the thoracic spinal cord following transpharyngeal stimulation. Transpharyngeal stimulation was applied using a Digitimer 185 (Digitimer, Ltd). An electrode at the atlantoaxial level was chosen as a cathode for monitoring in the upper cervical spine surgeries, and one of the more cranial electrodes served as the anode but other combinations were tried in every case and the optimal pair with the largest amplitude of ventral SCEP was chosen. A stimulus greater than 0.05 msec with a frequency of 6.9 Hz was delivered. The intensity of stimulation was less than 500 V. The signals from 5 to 20 responses were averaged. The frequency response of the recording system ranged from 2 to 2000 Hz. Dorsal SCEP was recorded from the nasopharyngeal electrode after dorsal thoracic spinal cord stimulation. A constant-current pulse greater than 0.2 msec with 6.9-Hz frequency stimulation was delivered. The intensity of stimulation was less than 20 mA. The signals from 20 to 100 responses were averaged. The frequency response of the recording system ranged from 2 to 2000 Hz. Stimulation and recording were performed with the use of a Viking II 8-channel electromyograph (Nicolet Co.).
In 8 patients suffering from atlantoaxial subluxation without myelopathy, the latency and spike forms of ventral SCEP and dorsal SCEP were examined by changing the pairing of electrodes in the nasopharyngeal electrodes.
Both ventral and dorsal SCEPs were observed at every operation. A D wave was elicited in only 3 patients because neither of the SCEPs showed any response. When the amplitude of either of the SCEPs decreased to 80% of the baseline, the surgeons were immediately notified during the observed operative procedure. Severity of postoperative neurological deterioration was estimated using the Frankel classification. The Frankel classification classifies patients into 1 of 5 categories: no function (Grade A), sensory only (Grade B), some sensory and motor preservation (Grade C), useful motor function (Grade D), and normal (Grade E). No neurological deterioration was detected in any patient after surgery, only a change in neurological condition (for example, spinal cord compression or spinal cord ischemia).
At the end of surgery, less than 50% of the baseline amplitude was considered a significant change in either SCEP. We calculated the sensitivity and specificity for both SCEPs to detect neurological outcome. In addition, to study the usefulness of the intraoperative spinal cord monitoring with both SCEPs, sensitivity and specificity were calculated, as cases showing response greater than 50% of the baseline level in which postoperative neurological deterioration was prevented with notification were considered true positive findings.
Results
Elicitation of Ventral SCEP
The ventral SCEP was composed of 1 or 2 negative spike waves, sometimes followed by polyphasic waves (Fig. 3 ). The amplitude (2.5-50 µV) of the ventral SCEP was larger than that of the dorsal SCEP. The threshold of the first negative spike was higher than that of the second negative spike, and the latency and the spike form of the ventral SCEP changed as the pairing of electrode stimuli was varied or as the stimulation intensity was altered (Fig.  3) . The ventral SCEP recorded on the lumbar enlargement after high-intensity stimulation had a late negative wave (Fig. 3) . No response of ventral SCEP was found in 31 of 228 patients. The JOA scores of these patients for cervical myelopathy were less than 6 points. 
Elicitation of Dorsal SCEP
The configuration of the dorsal SCEP was classified into 4 types. Type 1 dorsal SCEP consisted of 3 negative spike waves followed by a late positive wave, and the first negative spike amplitude was 2.5 to 10 µV (mean 7.5 µV; 74 patients). This type was observed in cases of no or mild myelopathy (Fig. 4) . Type 2 dorsal SCEP (108 patients) demonstrated 2 negative spikes, and each spike showed longer duration and lower amplitude than Type 1. Type 3 dorsal SCEP (36 patients) had 1 negative wave and a lower amplitude than Type 1 or 2, and Type 4 dorsal SCEP had no response (10 patients). The types of dorsal SCEP were correlated with the severity of preexisting cervical myelopathy (JOA scale score; Fig. 5 ). No response Fig. 1 . Photograph of the nasopharyngeal tube electrode, made from a nasal tube (6 Fr) with 7 polar platinum wire electrodes. The separation between electrodes is 0.8 cm. This electrode can be reused many times.
Fig. 2. Sagittal radiographs showing that although it is impossible
to place electrodes at the occipitocervical junction using the oral approach (left), the transnasal approach provides access to the ventral occipitocervical junction (right). Pharyngeal electrodes are numbered along the tube. In this case, the most caudal electrode was beyond the C1-2 level and the third and seventh electrodes were used for recording or stimulation. Fig. 2) . With electrodes 4 and 6, there was no first negative spike, and with electrodes 3 and 6, the first and second negative spikes appeared. Latency of the first negative spike changed as the stimulation of electrodes shifted cranially. B: The threshold of the first negative spike was higher than that of the second negative spike. High-intensity stimulation might recruit more dorsal and more caudal axons in the cervicomedullary junction. Estimable tracts in the spinal cord differ with changing stimulation conditions. C: A late negative wave from the lumbar enlargement was only observed with high-intensity stimulation. This late negative wave is believed to consist of compound action potentials that represent both the activity of interneurons in the posterior horn and the activity of slower conductive dorsal funicular fibers.
of either ventral or dorsal SCEP was found in 6 of 228 patients whose JOA scores were less than 3 points. The latency of the first and second negative spikes increased as recording from paired electrodes in the nasopharyngeal tube electrode shifted cranially, but the latency of the third negative spike showed no change (Fig. 6) .
Changes in Potential During Surgery and Postoperative Neurological Findings
Both ventral and dorsal SCEPs showed stable responses. A change in response was only observed in situations involving a risky procedure for the spinal cord. For upper cervical spine surgery, the amplitude of both SCEPs decreased to less than 80% of the baseline in 4 cases (7.7%) during the surgery, in 7 cases (13.5%) only ventral SCEP and in 2 cases (3.8%) only dorsal SCEP decreased. The amplitude of both SCEPs declined to less than 50% of the baseline at the end of surgery in 2 cases (3.8%); only ventral amplitude declined in 2 cases (3.8%), and only dorsal SCEP declined in none. A false-positive reading was found in 1 case in which the amplitude of both SCEPs declined (Table 1) .
For lower cervical spine surgery, the amplitude of both SCEPs decreased to less than 80% of baseline in 2 cases (2.3%) during surgery; in 12 cases (13.6%) only ventral SCEP and in 1 case (1.1%) only dorsal SCEP declined. In these cases, the amplitude of both SCEPs declined to less than 50% of the baseline at the end of surgery in 1 case (1.1%); in 2 cases (2.3%) only ventral SCEP declined; in no case was a decline of only dorsal SCEP noted. Falsepositive findings were found in 1 case in which the amplitude of both SCEPs decreased (Table 2) .
For thoracic spine surgery, the amplitude of both SCEPs decreased to less than 80% of baseline in 12 cases (13.6%) during the surgery; in 9 cases (10.2%) only ventral SCEP and in 2 cases (2.3%) only dorsal SCEP declined. In these cases, the amplitude of both SCEPs declined to less than 50% of the baseline at the end of surgery in 9 cases (10.2%); in 5 cases (5.7%) only ventral SCEP and in 2 cases (2.3%) only dorsal SCEP declined. There were (Table 3) . Six cases showed an increase in amplitude of ventral SCEP and neurological recoveries. These cases were included in the true negative group. In cases with changes in both SCEPs, the amplitude change could be observed sooner in the ventral SCEP than in the dorsal SCEP, except for intramedullary spinal cord tumors. In 2 cases of intramedullary spinal cord tumor, the potential amplitude of dorsal SCEP decreased before ventral SCEP during dorsal myelotomy.
New neurological deficits or an exacerbation of preexisting neurological deficits was observed in 27 cases. The amplitude of one or both SCEPs decreased significantly at the end of surgery in 23 cases (both SCEPs, 12 cases; ventral SCEP only, 9 cases; dorsal SCEP only, 2 cases). The 10 patients with amplitudes decreasing to 40% (from 50%) recovered from transient neurological damage, but the other 11 patients with amplitude decreasing to more than 30% had lasting neurological deterioration (Figs. 7  and 8 ). Among the 11 patients, 3 were classified as Frankel Type C to Type B, 2 as Frankel Type D to Type C, and 6 as Frankel Type E to Type D. A false-positive finding was found in 1 case each in the upper and lower cervical spine surgeries. There were 4 false-negative cases in lower cervical spine surgery and 2 false-negative cases in thoracic spine surgery (Table 4 ). These 4 lower cervical false-negative cases did not change the overall response, but the patients showed weakness and sensory disturbance only in the upper extremities. The other 2 falsenegative cases were intramedullary spinal cord tumor and metastatic bone tumor in the thoracic spine; the responses decreased to 50% in both cases.
Ventral SCEP showed high sensitivity (73.1%) for identifying patients with new neurological deficits or an exacerbation of preexisting neurological deficits after surgery, but dorsal SCEP showed overall lower sensitivity (46.1%; Table 4 ). Both SCEPs showed high specificities.
The sensitivities of ventral SCEP, dorsal SCEP, and either SCEP were 100%, 50%, and 100% for the upper cervical spinal cord; 33.3%, 0%, and 55.6% for the lower cervical spinal cord; and 77.8%, 64.7%, and 88.2% for the thoracic spinal cord. If true positive cases were to include not only cases in which the response decreased to more than 50% and showed neurological deterioration, but also cases in which the response recovered or retained more than 50% of control after warnings with no occurrence of neurological deterioration, the sensitivities would be 86.3% for ventral SCEP, 60.0% for dorsal SCEP, and 89.1% for both SCEPs. For each spine level, the sensitivities for ventral SCEP, dorsal SCEP, and both SCEPs would be 100%, 83.3%, and 100% for the upper cervical spinal cord; 76.5%, 22.2%, and 80% for the lower cervical spinal cord; and 85.7%, 70%, and 92% for the thoracic spinal cord.
Discussion
Placement of the Electrode for Elicitation of SCEPs
The object of this study was to investigate the origin and pathways of descending or ascending SCEPs elicited with this electrode, and the usefulness and limitations of this method. Spinal cord evoked potentials were recorded from the thoracic spinal cord after the dorsal spinal cord stimulation, derived from the dorsal half of the white matter in the spinal cord. 25, 30 These SCEPs are less affected by anesthetics than MEPs or SSEPs. However, it is necessary to place catheter-type electrodes in both the cranial and caudal epidural or subarachnoid space in relation to a spinal lesion. It is not difficult to place the caudal electrode percutaneously before surgery in the lumbar spine, but placing the cranial epidural electrode at the cervical or thoracic level prior to an operation causes the patient much pain. There is also a small risk of causing spinal cord damage, such as an epidural hematoma. If a catheter electrode is inserted into the epidural space from an exposed surgical field, the condition of the electrodes is subject to change due to the operative procedure and there is a risk of false-positive or false-negative monitoring. Monitoring is not possible before exposure of the posterior spine or using the anterior approach. Therefore, spinal cord damage due to the position of the cervical spine during an operation is not detected in patients with an unstable spine or severe canal stenosis. 21 Upper cervical spinal cord monitoring with SCEPs is impossible using the epidural or intrathecal electrode.
The nasopharyngeal tube electrode provides noninvasive access to the ventral cervicomedullary junction. This specially designed electrode takes the place of a cranial epidural catheter electrode. Takada et al. 27 recorded
SSEPs from the posterior pharynx with electrodes attached to an endotracheal tube. Csécsei et al. 3 described transtracheal electrical stimulation of the spinal cord for intraoperative monitoring of the motor pathway in dogs. It is impossible to place electrodes at the occipitocervical junction level with an oral endotracheal tube (Fig.  2) . Desmedt and Cheron 6 and Tomberg et al. 29 recorded SSEPs from the posterior wall of the upper pharynx while the patient was conscious. Our study is the first to report descending SCEP following upper cervical spinal cord stimulation with transpharyngeal electrodes and ascending SCEP from pharyngeal recording after thoracic spinal cord stimulation.
Origins and Conducting Pathways of Ventral and Dorsal SCEP
The latency of ventral SCEP changed as the pairing of electrode stimuli was varied or the stimulation intensity was altered. The ventral SCEP recorded at the lumbar enlargement after high-intensity stimulation had a slow late negative wave. This slow late negative wave may be the same response from the lumbar enlargement following proximal dorsal column stimulation (Fig. 3) . 34, 35 The ventral cervicomedullary junction near the nasopharyngeal electrode was stimulated with low-intensity stimulation, and high-intensity stimulation must have further extended dorsally and caudally. We confirmed that ventral Tables 1-3 SCEP following transpharyngeal stimulation with low intensity was transmitted along the ventral and ventrolateral tracts, and ventral SCEP following stimulation with high intensity was transmitted along the ventral and dorsal white matter in animal examinations.
22
The waveform of dorsal SCEP correlated with preoperative spinal cord damage. Dorsal SCEP was more sensitive than ventral SCEP for the dorsal column myelotomy, but dorsal SCEP was less sensitive to intraoperative motor function damage.
14 The SCEP recorded from the dorsal epidural space after dorsal spinal cord stimulation is transmitted along the dorsolateral tract and the dorsal tracts. 25, 30 Dorsal SCEP demonstrated 3 negative wave spikes in cases of normal or slight myelopathy. The latencies of the first and second negative spikes were increased, as recording of paired electrodes in the nasopharyngeal tube shifted cranially, but the latency of the third negative waves showed no change. The first and second negative spikes in dorsal SCEP are the conductive wave through the dorsal or dorsolateral tracts. The third negative wave in dorsal SCEP may be far-field potentials originating in the medulla oblongata (Fig. 6 ).
Advantages and Disadvantages of Monitoring Using the Nasopharyngeal Electrode
Intraoperative spinal cord monitoring with muscle MEP and/or D wave has become widely used throughout the world in this decade. 1, 4, 5, 11, 12, 18, 20, 24 Eliciting MEP restricts the use of anesthetic agents. 8, 31, 32 Inhalational general anesthetic agents and muscle relaxants do not elicit a response of MEPs. The D wave shows a high reproducible response, but the amplitude of the D wave is lower than that of ventral SCEP. Because ventral SCEP is not a pure MEP, the number of estimated axons in ventral SCEP should be more than that of the D wave, which is the reason the D wave showed a false-negative result (Fig. 7) .
It is possible to estimate the ventral and dorsal white matter function in the spinal cord with the ventral and dorsal SCEP. In this study, the SCEPs indicated the postoperative neurological deteriorations with high sensitivity and specificity in the monitoring of the upper cervical and thoracic spinal cord. The motoneurons and the spinal nerve roots in the upper cervical spinal cord and the thoracic spinal cord do not control functions of the extremities. Therefore, monitoring of the white matter functions is more important than monitoring the gray matter function in the upper cervical and thoracic spinal cords. On the other hand, the gray matter and the spinal nerve roots in the lower cervical cord control the upper extremity functions directly. Ventral SCEP was not able to estimate functions of the gray matter or the spinal nerve roots; therefore, the sensitivity of ventral SCEP was low in the monitoring of the lower cervical spinal cord. Each of the false-negative cases in lower cervical spine surgery showed neurological deterioration in the upper extremities and not in the lower extremities.
Stimulation with the nasopharyngeal electrode should not be supramaximal stimulation. The threshold is lower in spinal cord ischemia with edema due to spinal cord compression. This stimulation may result in a transient increase of amplitude before the conduction block in ventral SCEP. Ventral SCEP estimates not only conductive functions but also the change of threshold in the upper cervical spinal cord (Fig. 8) . Both SCEPs can be elicited without interrupting operative procedures under muscle relaxation. The purpose of the monitoring is not to diagnose neurological deterioration after surgery, but to prevent it. The amplitude of both SCEPs could be monitored very reliably on a per second basis and allow immediate notification during risky procedures when amplitudes decrease to less than 80% of the baseline. The ventral SCEP was monitored first and dorsal SCEP was then elicited after a change in ventral SCEP, except for cases involving myelotomy of the dorsal tract.
Muscle MEP shows a pure motor response and includes functions of the gray matter of the spinal cord and spinal roots; high sensitivity and high specificity have been reported with this method. 15 This is a great advantage of monitoring, but tremendous fluctuation of compound muscle action potential amplitude in muscle shows placement of the transnasopharyngeal electrode and occipitocervical fusion. The patient's neural deficit was Ranawat Class II before surgery. At first, reduction and fusion with the Brooks method was attempted, but the amplitude of both ventral and dorsal SCEP deteriorated, so the operative method was changed to a C-1 laminectomy and occipitocervical fusion. After the operation, weakness and sensory deficits appeared in the left extremities. Ventral SCEP was more sensitive than dorsal SCEP (c). The amplitude of the second negative spike (N2) in ventral SCEP decreased during sublaminar wiring with multifilament cables. The warning of cervical cord damage was given. During this time dorsal SCEP showed no change. Multifilament cables were changed to monofilament wires. During this procedure N2 disappeared in ventral SCEP. The N1 amplitude of ventral SCEP decreased and increased temporarily, and finally decreased to 20%. The amplitude of dorsal SCEP also decreased.
MEP makes it difficult to estimate neural function. 1, 11, 12, 20 Muscle twitch following transcranial electrical stimulation sometimes interferes with the operation, and therefore muscle MEP must be recorded before and after procedures in upper or lower cervical spine surgery. The evoked potential is not as useful a monitoring modality, because an irreversible injury has occurred by the time the surgeon receives the information. We must select evoked potentials according to diagnosis, spinal cord level, and method of surgery.
13,33
Conclusions
Recording SCEPs using the nasopharyngeal electrode can be another useful approach for upper cervical and thoracic spinal cord monitoring. Ventral SCEP estimates more axons in the white matter than the D wave following transcranial electrical stimulation without interrupting operative procedures. It is possible that ventral SCEP detects a risk of spinal cord damage that surgeons do not notice and prevents postoperative neurological deterioration. 
